GPR81 is a receptor for the metabolic intermediate lactate with an established role in regulating adipocyte lipolysis. Potentially novel GPR81 agonists were identified that suppressed fasting plasma free fatty acid levels in rodents and in addition improved insulin sensitivity in mouse models of insulin resistance and diabetes. Unexpectedly, the agonists simultaneously induced hypertension in rodents, including wild-type, but not GPR81deficient mice. Detailed cardiovascular studies in anesthetized dogs showed that the pressor effect was associated with heterogenous effects on vascular resistance among the measured tissues: increasing in the kidney while remaining unchanged in hindlimb and heart. Studies in rats revealed that the pressor effect could be blocked, and the renal resistance effect at least partially blocked, with pharmacological antagonism of endothelin receptors. In situ hybridization localized GPR81 to the microcirculation, notably afferent arterioles of the kidney. In conclusion, these results provide evidence for a potentially novel role of GPR81 agonism in blood pressure control and regulation of renal vascular resistance including modulation of a known vasoeffector mechanism, the endothelin system. In addition, support is provided for the concept of fatty acid lowering as a means of improving insulin sensitivity.
Introduction
GPR81 belongs to a family of hydroxy-carboxylic acid (HCA) receptors including the GPR109a receptor (1) . The endogenous ligand for GPR81 is lactate (2), a metabolite produced when glycolysis exceeds the capacity to oxidize pyruvate. Lactate acts as an agonist at millimolar concentrations (3) , which are achieved systemically under physiologically challenging (4) and pathophysiological circumstances (5) but also locally under unstressed conditions in specific tissues (6) (7) (8) (9) (10) . Agonism of GPR81 in adipocytes results in inhibition of lipolysis via the Gi mechanism involving lowering cAMP and downstream dephosphorylation of hormone-sensitive lipase leading to reduced hydrolysis of triglycerides to glycerol and fatty acids (11) . GPR81's role in regulating lipolysis along with its predominant adipose tissue expression prompted our initial interest in GPR81, as limiting lipid supply to nonadipose tissue could be a means of reversing insulin resistance associated with type 2 diabetes (12) (13) (14) . While some basic data for novel GPR81 agonists exist in the literature (15, 16) , there are, to our knowledge, no reported repeated-dosing effects in disease models.
Beyond the control of adipocyte lipolysis, the current understanding of the roles of GPR81 is limited. GPR81 is expressed at much lower levels in the brain, where it seems to be involved in neuronal signalling, as well as the retina where it has been implicated in regulation of blood flow to meet metabolic demands (17) (18) (19) (20) . It is also induced in several cancer types where it appears to play a role in the adaptation to the ischemic tumor microenvironment (21) .
In the present study, GPR81 agonists were discovered with the initial aim to test the hypothesis that GPR81 agonism, via antilipolysis, would improve insulin sensitivity and glucose control in disease models of the metabolic syndrome. Indeed, repeated-dosing studies confirmed this hypothesis. In addition, however, an integrative pharmacologic discovery approach revealed an unexpected although consistent and robust hypertensive effect. This led us to investigate the role of GPR81 in cardiovascular control. We tested GPR81 dependence using GPR81-deficient mice and performed detailed cardiovascular studies in anesthetized dogs and rats. The results suggest a potentially novel role for GPR81 in renal vascular control.
GPR81 is a receptor for the metabolic intermediate lactate with an established role in regulating adipocyte lipolysis. Potentially novel GPR81 agonists were identified that suppressed fasting plasma free fatty acid levels in rodents and in addition improved insulin sensitivity in mouse models of insulin resistance and diabetes. Unexpectedly, the agonists simultaneously induced hypertension in rodents, including wild-type, but not GPR81-deficient mice. Detailed cardiovascular studies in anesthetized dogs showed that the pressor effect was associated with heterogenous effects on vascular resistance among the measured tissues: increasing in the kidney while remaining unchanged in hindlimb and heart. Studies in rats revealed that the pressor effect could be blocked, and the renal resistance effect at least partially blocked, with pharmacological antagonism of endothelin receptors. In situ hybridization localized GPR81 to the microcirculation, notably afferent arterioles of the kidney. In conclusion, these results provide evidence for a potentially novel role of GPR81 agonism in blood pressure control and regulation of renal vascular resistance including modulation of a known vasoeffector mechanism, the endothelin system. In addition, support is provided for the concept of fatty acid lowering as a means of improving insulin sensitivity.
Results
Identification of 2 potentially novel GPR81 agonists: AZ1 and AZ2. Figure 1 shows the structures of 2 GPR81 agonists, AZ1 (Figure 1A) and AZ2 ( Figure 1B) , with properties suitable to test the concept that GPR81 agonism could reverse impairments in glucose control in rodent models of the metabolic syndrome. Figure  1C shows the structure of the reference compound 3-chloro-5hydroxybenzoic acid (CHBA) (15) . The selection of AZ1 and AZ2 was the result of a series of discovery steps, summarized in Table  1 . Briefly, these were (a) high-throughput screening of the Astra-Zeneca proprietary compound collection based on suppression of forskolin-stimulated cAMP in cells transfected with GPR81, (b) inhibition of glycerol release from forskolin-stimulated primary rat and human adipocytes (see also Figure 2 ), (c) pharmacokinetic properties adequate for oral repeated-dosing, and (d) acute inhibition of fasting-induced lipolysis in anesthetized rats (Table 1) . Supplemental Figure 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92564DS1) shows the good correlations between the potency estimates from the different in vitro assay screens including human versus rodent assays and between antilipolysis in vitro versus in vivo free fatty acid (FFA) suppression for all of the active compounds tested in each step including AZ1 and AZ2.
FFA lowering is dependent on GPR81 agonism. The ability of AZ1 and AZ2 to lower FFA in mice in the 6-hour fasting state was studied. Figure 3A shows a dose-dependent decrease in FFA levels in lean mice following oral administration of AZ1. The highest dose of AZ1, 20 μmol/kg, was selected for further testing in GPR81-WT and -KO mice to confirm the dependence of FFA lowering on GPR81 ( Figure 3B ). Fasting FFA levels were similar in the GPR81-WT and -KO mice, consistent with the results of Ahmed et al. (3) . As expected in GPR81-WT mice, FFA levels were reduced following AZ1 administration. By contrast, FFA levels were not lowered in the GPR81-KO mice ( Figure 3B ), despite equivalent plasma exposures of AZ1 (WT, 0.37 ± 0.04 μM; KO, 0.36 ± 0.06 μM). This pattern of results was confirmed with AZ2 ( Figure 3C , plasma exposure WT, 1.1 ± 0.1 μM; KO, 1.4 ± 0.1 μM).
We then studied if a single dose of AZ1 could suppress lipolysis in ob/ob mice. The results presented in Figure 3D show that AZ1 significantly reduced plasma FFA levels by 33% in the ob/ob mice (compared with 74% in the lean animals, Figure 3A ). The tendency for blunted FFA lowering in ob/ob mice was explored by examining the expression of the target receptor in white adipose tissue ( Figure 3E ). These results confirm previously published data showing reduced GPR81 expression in obese mice (22, 23) .
Insulin-sensitizing and antidiabetic effects following repeated dosing with GPR81 agonist. Insulin-resistant dietinduced obese (DIO) mice were dosed daily with AZ1 (20 μmol/kg) or vehicle at the start of the night (active period), the time when they would normally eat the main portion of their daily food intake. Following 20 days of treatment, body weight was not significantly different between the groups (vehicle, 47.6 ± 0.8 g vs. AZ1, 45.5 ± 1 g). At this time point an oral glucose tolerance test was performed in the 4-hour fasted state ( Figure  4 ). At t = 0 minutes, before glucose administration, there was no group difference in plasma glucose levels in these nondiabetic animals but a reduction in fasting insulin in the AZ1 versus the vehicle group ( Figure 4 ), translating to a large decrease in the relative homeostatic model assessment of insulin resistance (HOMA-IR) index (calculated from the product of glucose and insulin levels) from vehicle 100% ± 26.2% versus AZ1 Figure 1. Structures of GPR81 agonists, AZ1 and AZ2, as well as the reference compound 3-chloro-5-hydroxybenzoic acid (CHBA). AZ1 (A) and AZ2 (B) were identified using high-throughput screening of the Astra-Zeneca proprietary compound collection. CHBA (C) has been previously established as a GPR81 agonist (15) .
31.6% ± 6.5% (P < 0.05), suggesting insulin sensitization. In response to the glucose challenge, glucose AUC was similar in both groups ( Figure 4 , A and C), while the AUC for insulin was markedly reduced in the AZ1 treated group versus vehicle ( Figure 4 , B and D), again consistent with GPR81-agonist-induced insulin sensitization. Daily treatment was continued for 1 more week until a final fasting blood sample was collected. Supplemental Table 1 shows the effects on body weight, plasma biomarkers, and compound exposure levels at the end of the 28-day study. Body weight gain was significantly reduced in the substance-treated group compared with the vehicle-treated group. Again, HOMA-IR was significantly reduced in the GPR81-agonisttreated group compared with vehicle, suggesting improved insulin sensitivity. Plasma FFA levels were significantly reduced in the GPR81-treated group, suggesting durable effects on FFA lowering.
Next, we tested the effect of 2 weeks of treatment with AZ1 (20 μmol/kg/day) in obese diabetic ob/ob mice, with effects summarized in Supplemental Table 2 . Body weight gain and fasting plasma glucose were similar in the AZ1-and vehicle-treated groups. Fructosamine levels were reduced by the GPR81 agonist, suggesting improved 24-hour glucose control. Insulin levels and the HOMA-IR were markedly reduced in the AZ1-treated group versus vehicle, consistent with enhanced insulin sensitivity. FFA levels tended to be lower with treatment, although the difference did not achieve statistical significance. We suspect that the failure to achieve statistical significance for this particular case is due to (a) a short fasting period prior to FFA sampling, (b) the high variability in the ob/ob, and (c) relatively low efficacy in this obese model.
Acute hypertensive effects of GPR81 agonists in rats. During screening for acute FFA-lowering effects in barbiturate-anesthetized rats (with few animals per group), an unexpected but consistent finding seen with all GPR81 agonists tested was hypertension. These effects are illustrated for AZ2 and the GPR81 reference agonist CHBA in Figure 5 . Figure 5A shows the effect of vehicle (5% mannitol) or AZ2 (0.9 μmol/kg/min for 15 minutes, resulting in peak exposures at 15 minutes of 2.6 ± 0.9 μM) on FFA levels while Figure  5 , B and C show the effect on percentage change versus baseline in mean arterial pressure (MAP) and heart rate (HR). Similar data sets are shown for n ≥ 3 except A n = 2 and B n = 1. Potency to suppress forskolin-stimulated cyclic adenosine monophosphate (cAMP) was assessed in Chinese hamster ovary cells overexpressing human, rat, and mouse GPR81 or GPR109a. Potency to suppress forskolin-stimulated lipolysis was assessed in primary rat and human adipocytes. Pharmacokinetic characteristics determined in the rat and mouse were estimated plasma clearance rate (CL), terminal plasma half time (t 1/2 ), and oral bioavailability. In vivo potency to suppress fasting plasma free fatty acid (FFA) levels was assessed in anesthetized rats. cAMP, cyclic adenosine monophosphate; CL, clearance.
CHBA (10 μmol/kg/min) and its vehicle (saline) ( Figure 5 , D-F). Since we studied the effects of the agonists at submaximal doses needed for FFA suppression (~4 × ED 50 ), these data suggest that there is no separation of the hypertensive from the FFA-lowering effects. In the anesthetized state, treatment-induced bradycardia was also consistently observed ( Figure 5 , C and F), a phenomenon not seen in conscious rats (data not shown). AZ2-induced hypertension is dependent on the GPR81 receptor. GPR81-KO mice were employed to test the dependence of the agonist-induced hypertensive effect on GPR81. MAP and HR were continuously monitored during a 2-day baseline period and a 4-day treatment period. The diurnal profiles for WT versus GPR81-KO mice averaged over baseline are shown in Supplemental Figure 2 . The profiles show typical circadian patterns in both groups. Deficiency of GPR81 had no obvious effect on cardiovascular phenotype, with no differences in average 24-hour MAP or HR in the 2 groups of mice during baseline. Figure  6A shows the MAP responses in WT and KO mice to vehicle or AZ2 (50 μmol/kg). In response to the oral administration procedure at t = 0, MAP increased in all groups. Within approximately 1 hour, MAP then returned to baseline in all except the AZ2-treated WT group where MAP remained increased for several hours ( Figure 6A ). Averaged over 24 hours, AZ2 increased MAP by approximately 5 mmHg in WT but not KO mice ( Figure 6B ). There was no difference in average MAP responses to vehicle between WT and KO mice. The HR responses were not significantly affected by AZ2 or genotype ( Figure 6 , C and D).
Involvement of endothelin and adrenergic systems in the AZ2-induced pressor effect in the rat. Pilot experiments were performed in the anesthetized rat to broadly test the involvement of established regulators of vascular tone, including the use of pharmacological blocking agents. The results hinted at the potential involvement of 2 powerful regulators of vascular resistance, the endothelin (ET) and adrenergic systems. Dose-dependent suppression of plasma FFAs in lean mice following oral administration of AZ1 (5 and 20 μmol/kg). **P < 0.01, ***P < 0.001 versus vehicle (Veh) (ANOVA, Bonferroni corrected, n = 4-6). Ability of AZ1 (B) and AZ2 (C) to suppress plasma FFA is dependent on GPR81. FFA in wild-type (WT) and GPR81-knockout (KO) mice following single oral administration of vehicle (Veh), AZ1 (20 μmol/kg), or AZ2 (50 μmol/kg). ***P < 0.001, versus Veh WT (ANOVA, Bonferroni corrected). n = 7-8 (B) and 8-9 (C). (D) FFA in ob/ob mice is decreased by AZ1 (20 μmol/kg). **P < 0.01, versus Veh WT (Student's t test, n = 8). (E) Downregulation of expression of GPR81 gene in epididymal adipose tissue from obese ob/ob mice versus lean OB/? mice. ***P < 0.001, versus Veh WT (Student's t test, n = 3-4). Results shown as individual data points together with the mean ± SEM.
These observations were followed up by more thoroughly studying the cardiovascular responses to AZ2 on top of the nonselective ET receptor antagonist, bosentan, or the nonselective α-adrenoceptor (α-AR) antagonist, phentolamine.
Bosentan (given prior to AZ2) did not significantly impact MAP, HR, or a crude index of total peripheral resistance (TPRi = MAP/HR) compared with vehicle controls (Supplemental Table 3 ), consistent with the original detailed pharmacological profiling work on bosentan in the rat (24) . This is presumably the result of a low net level of ET-mediated vasoconstriction in these animals. Except for an initial short-lived tendency for MAP to rise in conjunction with AZ2 infusion start, pretreatment with bosentan effectively blocked the full development of the AZ2-induced pressor effect (P < 0.05 versus AZ2 alone, Figure 7 , A and B) and increase in TPRi (P < 0.05 versus AZ2 alone, Figure 7 , E and F). By contrast, the bradycardic response to AZ2 was left intact ( Figure 7 , C and D). From about 5 minutes into the AZ2 infusion, MAP in the bosentan-pretreated group actually tended to fall below its baseline level ( Figure 7A ), perhaps a consequence of falling cardiac output (CO) resulting from the persistent bradycardia ( Figure 7C ). The dissociation of the bradycardia (from the pressor effect) argues against the interpretation that this represented a secondary baroreflex mechanism, indicating that the vascular resistance and bradycardic actions of AZ2 are independent. In contrast to bosentan, phentolamine markedly perturbed the baseline cardiovascular state: lowering MAP (Supplemental Table 3 ) and TPRi, revealing the importance of adrenergic tone to maintenance of normal blood pressure in these animals. Under these conditions of severe hypotension, phentolamine also prevented the full development of the AZ2-induced pressor effect ( Figure 7 , A and B) and the increase in TPRi (Figure 7 , E and F). Overall, the blocker experiments point to a role for ET receptor agonism and possibly α-AR agonism in the AZ2-induced vasoconstrictor/hypertensive effect.
GPR81-agonist-induced hypertension is associated with a marked increase in renal vascular resistance. To further elucidate effects on cardiovascular control, detailed hemodynamic studies were performed in dogs. Baseline characteristics are summarized in Supplemental Table 4 . The infusion protocol is depicted in Supplemental Figure 3 , and Supplemental Table 5 summarizes the plasma AZ2 concentrations at the end of each dosing interval. Consistent with the results in rodents, AZ2 also acutely induced an increase in MAP in dogs (treatment × time interaction, P < 0.0001, Figure 8A ) with no effect on HR ( Figure 8B ). The effect of AZ2 on hypertension was exposure dependent, achieving statistical significance versus vehicle at the 2 highest doses and was reversible, as shown by the tendency towards normalization in association with declining substance levels during the washout phase. The cause of the increased MAP could not be directly attributed to either increased CO ( Figure 8C ) or increased total peripheral resistance (TPR, Figure 8D ). Despite tendencies for both of these variables to increase on average in response to AZ2, these trends did not reach statistical significance (treatment × time interaction, P < 0.05). However, a more detailed regression analysis of the relationship between the increment in MAP (ΔMAP) and the changes in TPR (ΔTPR) and CO (ΔCO), based on the relationship ΔMAP = ΔTPR × CO Baseline + ΔCO × TPR Baseline + ΔCO × ΔTPR, indicated that increased TPR was the most important factor in the AZ2-induced hypertension. Thus, ΔTPR × CO Baseline could explain 57% of the variation, while ΔCO × TPR Baseline could only explain 7% of the variation in ΔMAP (data not shown). Central venous pressure (CVP) was also assessed in this study and AZ2 induced a slight but highly significant elevation in this variable (treatment × time interaction, P < 0.0001, Supplemental Figure 3B ).
Blood flow and resistance changes in the renal and femoral beds are summarized in Figure 9 . AZ2 dose-dependently reduced renal blood flow ( Figure 9A ), a consequence of the rapid resistance increases seen in the renal circulation ( Figure 9B ). The rapidity of the renal vascular resistance effect was also shown by the transient decreases in resistance (and increase in flow) that could be seen in each experiment at the end of each AZ2 dosing interval, corresponding to the timing of infusion syringe changes, which took approximately 30 seconds to complete. In contrast to the response in the renal bed, the femoral vascular bed in the AZ2 group exhibited an elevated blood flow compared with vehicle ( Figure 9C ), which occurred in association with no change in vascular resistance ( Figure 9D ). This implies that the increased hind leg perfusion was a passive consequence of the increase in blood pressure. A pattern similar to that observed for the hindlimb was observed in the coronary circulation (Supplemental Figure 3 , C and D).
Figure 5. Structurally diverse GPR81 agonists increase blood pressure at doses needed for plasma free fatty acid (FFA) suppression.
Adult male Wistar rats were anesthetized in the fasting state and implanted with jugular and carotid catheters and left to stabilize for 2 hours. Following a 15-minute baseline period (t = -15 to 0 minutes), AZ2 or 3-chloro-5-hydroxybenzoic acid (CHBA) were infused i.v. at 0.9 μmol/kg/min or 10 μmol/kg/min, respectively, for 15 minutes starting at t = 0. Panels to the left show results for AZ2. Right To assess the direct contribution of the measured change in renal artery resistance (RAR) to ΔTPR, a quantitative analysis was performed. From measured MAP, renal artery flow (RAF), and CO, blood flow and resistance values for the remaining, nonrenal tissues of the body (NKF and NKR, respectively) could be readily calculated, i.e., NKF = CO -2 × RAF (assuming that the 2 kidneys are identical) and NKR = MAP/NKF. From these, the contribution of change in RAR from baseline during AZ2 exposure (ΔRAR) to ΔTPR can be explicitly estimated by the following: ΔTPR = (RAR B + ΔRAR) × NKR B /(RAR B + ΔRAR + NKR B ) -TPR B , where the subscript B refers to the baseline value of the parameter. From this we calculate that 20%-30% of the observed TPR increases during AZ2 infusion can be directly attributed to the kidneys. Our measurements of regional blood flow, where kidney was the only tissue responding with vasoconstriction, account for only about 20% of CO and therefore we conclude that other tissues that we have not studied and that are supplied with a major fraction of CO (e.g., gut, skin, and liver) probably also respond with vasoconstriction to GPR81 agonism. GPR81-agonist effects on renal resistance were also studied in anesthetized rats, with baseline cardiovascular parameters summarized in Supplemental Table 6 . A rapid increase in renal vascular resistance in response to AZ2 was also confirmed ( Figure 10 , A and B). As in the dog, the fact that the renal vasoconstriction occurs together with a reduction in renal blood flow ( Figure 10 , C and D) demonstrates that this does not represent classic autoregulation. Based on the previous finding that bosentan was apparently able to abolish the systemic vasoconstrictor effect of AZ2, we tested the ability of the ET receptor antagonist to specifically prevent the AZ2-induced vasoconstriction in the kidney. Pretreatment with bosentan once again inhibited the AZ2-induced increase in TPRi (vehicle, -0.009 ± 0.006 [n = 6]; AZ2, 0.0294 ± 0.006 [n = 7]; and bosentan + AZ2, -0.016 ± 0.019 [n = 4] mmHg/bpm vs. baseline; AZ2 vs. vehicle, P < 0.05; bosentan + AZ2 versus AZ2, P < 0.05). Indeed, bosentan pretreatment also slightly delayed (by approximately 30 seconds) and partially blocked the renal vascular resistance effect of AZ2 ( Figure 10, A and B) . Clearly though, a substantial fraction of the resistance increase was not blocked by this dose regimen of bosentan. We also attempted to assess whether phentolamine could prevent the renal vascular resistance effect of AZ2. However, in a pilot study, we found that in association with the hypotension, there was a profoundly reduced renal perfusion in response to phentolamine (Supplemental Figure 4) , making it very difficult to detect or interpret any AZ2-induced changes in this parameter. This approach was therefore abandoned. Figure 6 . The AZ2-induced hypertension is dependent on GPR81. Adult wild-type (WT) or GPR81-deficient (KO) mice were implanted with carotid catheter/radiotelemetry devices and allowed 2 or more weeks to fully recover their preoperative body weights. Mean arterial pressure (MAP) and heart rate (HR) were then monitored around the clock in conscious unrestrained animals. Following baseline measurements over 2 days (Supplemental To obtain clues about the site of renal vasoconstriction, as well as a potential link between the renal and systemic effects, plasma renin responses were assessed following a 15-minute infusion of AZ2. Despite the marked renal vasoconstriction, there was no apparent change in renin level ( Figure 10E ). To confirm that renin release was responsive in this preparation, we also examined the reaction to modest bloodletting after the main experiments were complete. Bloodletting in the vehicle-treated rats induced a clear elevation in renin levels within 15 minutes of an approximately 4% blood volume reduction (data not shown).
GPR81 mRNA distribution in mouse and dog kidney. In our hands, immunohistochemistry using commercially available antibodies failed due to lack of specificity. Therefore, we explored expression of the receptor by in situ hybridization (ISH). Figure 11 , A and B show the results in GPR81-WT and -KO mice, respectively. In the WT mice, moderate staining was observed corresponding to the afferent arteriole adjacent to the vascular pole of the glomerulus, close to the macula densa of the distal tubulus. Moderate staining was also observed corresponding to the basal part of the glomerular tuft; however, preservation of morphological detail did not allow identification of the exact cell type. In addition, staining was observed in some intertubular cells, possibly blood vessels, and in single cells in the tubular epithelium in the renal cortex. The specificity of the GPR81 mRNA probe was evidenced by a complete lack of staining of all these components in the GPR81-KO mouse kidney ( Figure 11B) . A tissue distribution similar to that seen for the WT mice was confirmed in dogs ( Figure  11C ), and this staining pattern was not present in the dog ISH negative control sections (GPR81 mRNA probe exchanged for a scrambled negative control probe; Figure 11D ). 
Discussion
The most important finding of this study is the discovery that GPR81 has a role in cardiovascular control. This was an unexpected outcome of our exploration of the potential pharmacological utility of GPR81 agonism to improve insulin sensitivity via regulation of adipocyte lipolysis. The current work began by successfully identifying potentially novel GPR81 agonists that were of sufficient potency and selectivity (versus GPR109) to test in vivo. In accord with the known biology, these compounds suppress FFA levels in vivo but they also induce hypertension. We suspected that this was an on-target mechanism given that diverse chemical compounds consistently increased blood pressure. Definitive evidence is provided by the absence of the hypertensive effect in GPR81-deficient mice. Agonist-induced hypertension is not limited to rodents but is also confirmed in dogs. Heterogeneous regional blood flow responses focused attention on the kidney where it is shown, to our knowledge for the first time, that the GPR81 gene is active in the microcirculation, from morphological assessment indicating the glomerular afferent arterioles, and that agonism robustly increases vascular resistance and reduces perfusion.
The hypertension is robust, persistent, and is observed in all 3 species examined. Increased TPR rather than increased CO is likely the major driver of this effect. The increase in vascular resistance was heterogeneous among the tissues, with robust increases seen in the kidney but not the cardiac tissue or hindlimbs. Regional flow measurements captured an equivalent of only approximately 20% of total CO, and therefore vasoconstrictor effects in other unmeasured tissues/organs cannot be excluded. Interestingly, while agonism increases blood pressure, the chronic global deficiency of the receptor in the knockout animals has no major influence on the 24-hour MAP profile, perhaps consistent with a low level of tonic target engagement on GPR81 due to relatively low levels of the endogenous ligand, lactate, under conditions of ordinary diurnal activity (see below).
Evidence is provided that the ET system is a major effector mechanism for the GPR81-agonist-induced vasoconstriction. We speculate that intense GPR81 agonism (induced physiologically by high lactate levels or pharmacologically) relays an acute stress signal in specific tissues of the body, triggering the local release of ET-1. This peptide is capable of inducing vasoconstriction in the majority of tissues of the body (25) , but its predominantly paracrine/autocrine function (26) would tend to limit vasoconstriction to these specific tissues. The current work identifies the kidney as one of these, where ET-1 is known to be a highly potent vasoconstrictor (27) . Indeed, in response to experimental renal ischemia, local interstitial lactate (as reported in ref. 28 ) can reach the levels needed for significant GPR81 activation (see below) and furthermore an ET-mediated vasoconstriction is observed during the reperfusion phase (29, 30) . Although the current work has focused on the kidney, owing to the very robust effects that were observed there, our analysis suggests that the vasoconstrictor effects mediated via the ET system are probably not limited to the kidney. Interestingly, a similar response to ischemia/reperfusion as observed in the kidney, and also involving ET, is seen in the intestine (31) but we have not yet looked at GPR81-agonist effects in this tissue. Beyond effects on resistance vessels, GPR81-mediated ET-1 release in capacitance vessels might also be responsible for the observed increase in CVP, compatible with the ability of ET-1 to induce constriction in large vessels (32) .
Bosentan is a competitive antagonist of ET-1 (24) and therefore the incomplete suppression of the renal vasoconstrictor response to AZ2 may have been due to an insufficient dose of bosentan for this particular tissue, resulting in the observed slightly delayed and reduced maximal vascular resistance increase. Indeed, the potency of ET-1 to induce vasoconstriction in the renal vascular bed is approximately 10-fold higher than other tissues (27) . Since the renal effect is only a fraction of the whole-body resistance effect, this could explain why the bosentan dose was able to virtually block the pressor effect but only partially block the renal effect.
The molecular mechanism linking the GPR81 and ET systems has not yet been elucidated. However, the major source of ET-1 is thought to be from the endothelial cells and our working hypothesis (depicted in Supplemental Figure 5 ) is that activation of GPR81 on the endothelial cells triggers a local release of vesicular ET-1. Unfortunately, the ISH imaging we have performed has insufficient resolution to identify the specific cellular address of GPR81 on the renal microvasculature. Activation of putative endothelial cell GPR81 could stimulate ET-1 secretion via a Gi-dependent lowering of cAMP. Thus, an inhibitory effect of cAMP on ET-1 secretion is provided by a number of in vitro studies of endothelial cells (33) (34) (35) (36) . GPR81-agonist-induced vasoconstriction in the renal circulation is rapid. If this is indeed mediated by ET-1, it implies rapid release of the preformed peptide, since de novo synthesis via translational regulation would presumably be far too slow. Fast release of ET-1 is certainly physiologically possible, as exemplified by the response to a cold pressor test (37) . There are at least 2 identified types of ET-1-containing secretory vesicles in endothelial cells (38) : rod-shaped Weibel-Palade bodies (WPB), whose major cargo is von Willebrand factor (VWF), and distinct punctate storage vesicles. A role for WPB exocytosis seems unlikely given that this process is stimulated by an increase, rather than a decrease, in cAMP levels (39) . Thus, it seems more plausible that the source of ET-1 could be via exocytosis of the non-WPB storage granules which, apparently, can be very fast (40) . The cardiovascular response to GPR81 agonism bears some of the hallmarks of the response to sympathetic activation: pressor effect and increased TPR due to a regionally selective vasoconstrictor response. Indeed, we have evidence for a role of adrenergic activation from the finding that the pressor effect of AZ2 could be substantially abolished using α-AR blockade. But how do we reconcile this result with the fact that ET receptor blockade could also substantially abolish the pressor effect? A trivial explanation might be that the phentolamine results are nothing more than an experimental artifact. In this case, the conditions imposed by phentolamine, including severe hypotension, may have masked the true effector mechanism responsible for the hypertension. An alternative possibility is that the ET and adrenergic systems are serially coupled downstream of GPR81 activation (Supplemental Figure 5 ). In support of this, there is evidence that ET receptor A agonism can enhance adrenergic tone by at least 2 mechanisms: (a) via decreasing the reuptake of norepinephrine by the presynaptic nerve terminals at neuromuscular junctions (41) and (b) by increasing sympathetic tone (42) .
Could the GPR81-mediated renovascular constriction and blood pressure-raising effects have physiological significance? Lactate infusions can certainly elevate blood pressure (e.g., in rats; see ref. 43 ) but in order for lactate sensing by GPR81 to be physiologically relevant it is necessary that endogenous lactate levels achieve sufficient concentrations to activate GPR81. We estimate (based on relative in vitro potencies for antilipolysis Figure 10 . The GPR81 agonist, AZ2, rapidly increases renal vascular resistance, by an effect that is at least partially dependent on endothelin (ET) receptor agonism and does not affect plasma renin levels. Adult male Wistar rats were anesthetized and implanted with jugular and carotid catheters. Laparotomy was performed and a flow probe attached to the left renal artery, abdomen closed, and animals were left to stabilize for 1 hour. Following a 10-minute baseline period (t = -10 to 0 minutes), either vehicle (blue symbols) or AZ2 (1 μM/ kg/min) was given i.v. from 0-15 minutes. AZ2 was given alone (AZ2, red symbols) or on top of pretreatment (given before - of lactate [3,000 μM] versus AZ2 [0.58 μM] in adipocytes, as well as plasma protein binding for AZ2 [81%]) that lactate levels of approximately 4 mM would have GPR81 target engagement equivalent to the plasma AZ2 levels needed to induce marked renal vasoconstriction and hypertension. This lactate concentration is certainly above normal systemic resting levels, but during intense exercise or locally in the kidney under ischemic conditions, such levels may be reached (4, 28) . Therefore, it does indeed seem that endogenous lactate can achieve the levels needed to induce physiological GPR81-mediated cardiovascular effects.
We hypothesize that GPR81-induced vasoconstriction is a physiological defense response to high systemic lactate levels for preserving systemic homeostasis in situations of extreme stress, e.g., intense exercise, hypoxia, or injury. Blood flow would be diverted away from the kidney (and other as yet undefined tissues) to bolster perfusion in critical tissues, including heart and skeletal muscle. This would augment classic systemic stress-induced sympathetic outflow responses leading to renal vasoconstriction (44) while minimizing conflict with ordinary metabolic control. Even the established antilipolytic effect of GPR81 agonism may represent an appropriate response in this situation, by limiting FFA availability and thereby optimizing the use of oxygen for ATP production (45) . Such a novel whole-body homeostatic mechanism is perhaps not that surprising given recent evidence that lactate sensing by another GPCR, Olfr78, plays a critical role in the carotid body by sensing hypoxia and breathing regulation (46) . Locally in the kidney, vasoconstriction in response to physiological or pathophysiological GPR81 agonism seems incompatible with blood flow autoregulation and tissue survival. Thus, an accumulation of lactate might worsen ischemic damage, especially if glomerular filtration rate, the major determinant of kidney metabolic rate and oxygen demand (47) , remains unchanged. In line with this, chronic hypoxia in the tubulointerstitium of the kidney is thought to be a driver of impaired glomerular function and fibrosis leading to the development of end-stage renal disease (48) .
There are parallels between our findings with GPR81 agonism and the responses of GPR91 to its endogenous ligand succinate (49) . Thus, succinate, which is increased in the situation of ischemia (50), has been reported to inhibit adipose tissue lipolysis via Gi-coupled signalling suppression of cAMP (51) and has a hypertensive effect that is dependent on GPR91 (52) . In addition, the local tissue expression of GPR91 in the kidney also has some similarity to GPR81, particularly its expression in the afferent arteriole (53) (54) (55) . In contrast to the situation for GPR81 though, the hypertensive effect of GPR91 agonism may be caused by Gs-mediated release of renin (54) .
We show that pharmacologic GPR81 agonism improves insulin sensitivity in preclinical disease models of the metabolic syndrome. These results are consistent with our hypothesis that suppression of lipolysis, especially in the postprandial state, would enhance glucose control due to decreased FFA fuel competition with glucose and increased insulin sensitivity (56, 57) . Therefore, achieving postprandial substance exposure was an important consideration in the design of the repeated-dosing studies. The GPR81 agonists evaluated in this study were potent and sufficiently selective (vs. GPR109a) to allow a dosing window that could effectively suppress FFA levels in vivo entirely via GPR81 (as shown by the data in the genetically deficient mice). Figure 11 . GPR81 expression is associated with the microvasculature of the kidney. In situ hybridization (ISH) image of wild-type mouse (A) and dog (C) kidney cortex displaying GPR81 mRNA expression at the vascular pole of the glomerula, including the juxtaglomerular afferent arteriole (arrows) close to the macula densa, and the basal glomerular tuft (stars). In the dog kidney (C) there is additional but less intense ISH stain for GPR81 mRNA over the tubular epithelial cells (short arrow). No GPR81 mRNA expression is seen in the kidney from GPR81-knockout mouse (B) and no staining in dog negative control mRNA ISH-stained slides (D). For the ISH detection a red dye was used for the mouse samples (A  and B) and a brown dye for the dog samples (C and D). Scale bars: 50 μm (A and B) and 100 μm (C and D) .
A key finding is that the antilipolysis and metabolic improvements are seen in the absence of body weight gain. This is important for the general principle of antilipolysis in the intended target patient group with obesity-driven metabolic syndrome and perhaps unexpected given a previous publication showing that GPR81 deficiency is associated with reduced body weight gain when challenged with a high-fat diet (3) . The current lack of body weight gain with GPR81 agonism is probably due to incomplete around-the-clock FFA suppression. This result is analogous to other principles that partially inhibit lipolysis, e.g., following partial deactivation of hormone-sensitive lipase (58) or intermittent GPR109a activation (57, 59) . While the metabolic effects are impressive, these unfortunately occur at agonist exposures causing hypertension. This would make the development of full GPR81 agonists extremely challenging, especially given the excess risk of cardiovascular mortality and morbidity in the target patient population (60, 61) .
In conclusion, the current results extend the role of the metabolite sensor, GPR81, beyond regulation of adipocyte lipolysis to cardiovascular function including control of renal vascular resistance. Future studies are needed to further explore the physiological/pathophysiological significance of these actions. In addition, the data provide further support for the concept of controlling lipolysis as a means of improving metabolic control in conditions of insulin resistance.
Methods

Synthesis of AZ1 and AZ2. The synthesis and in vitro characterization of AZ1 (2-chloro-4-ethoxy-N-[[6-
[(1-methyl-4-piperidyl)sulfonyl]-1,3-benzothiazol-2-yl]carbamoyl]-5-pyrazol-1-yl-benzamide) and AZ2 (2-chloro-4-ethoxy-N-[[6-[(4-methylpiperazin-1-yl)methyl]-1,3-benzothiazol-2-yl]carbamoyl]-5-morpholino-benzamide) as GPR81 agonists and their effects on inhibition of lipolysis in vitro are described in Supplemental Methods. The reference compound CHBA has been described previously (15) .
In vivo pharmacokinetic (PK) experiments. PK properties (clearance [CL], half-life [t 1/2 ], and bioavailability [F%]) of selected compounds, estimated in male Wistar rats and C57BL/6 mice, were based on repeated blood sampling 0-24 hours following i.v. or per os (p.o.) administration. Doses were 2 μmol/kg for i.v. and 8 μmol/kg for p.o. experiments.
FFA lowering in fasted mice. Lean female mice (11 weeks old C57BL/6JOlaHsd, Harlan Laboratories), as well as, WT and GPR81-KO mice (14 ± 1 weeks old, on C57BL/6JOlaHsd background) were randomized to treatment groups based on body weight the day before the study. A terminal blood sample was collected in the 6-hour fasting state. Two hours before this, the mice were orally administered with either vehicle (0.5% hydroxypropyl methylcellulose [HPMC], pH 4.2) or AZ1 at 5 or 20 μmol/kg or AZ2 at 50 μmol/kg. Blood was collected under isoflurane anesthesia into EDTA tubes kept on ice until centrifugation at 4°C. Plasma was stored at -20°C until analysis of FFA.
Generation of GPR81-null mice. A conditional KO strategy, flanking Gpr81 exon 1 with LoxP sites, was used to target the Gpr81 locus to generate mice carrying conditional KO alleles at this site. The targeting vector was built using homologous recombination in bacteria (62) . A C57 mouse BAC served as template for the extraction of homology arms of the targeting vector. The targeting vector (Supplemental Figure  6) contained an frt-flanked neomycin phosphotransferase, Neo-selectable marker cassette. After linearization, the targeting construct was electroporated into AZX1, a C57BL/6JOlaHsd-derived embryonic stem cell line. PCR screens and Southern blot analyses (not shown) revealed clones that had undergone the desired homologous recombination event. Several of these clones were expanded and injected into BALB/cOlaHsd blastocysts to generate chimeric males that were then bred to C57BL/6JOlaHsd females, and black-coated offspring were genotyped on both sides of the homology arms for correct integration into the Gpr81 locus. The Neo-selectable marker cassette, which was flanked by frt sites, was deleted after subsequent breeding to mice expressing flp recombinase under the CAG promoter. Gpr81 exon 1, which was flanked by loxP sites, was deleted after subsequent breeding to mice expressing Cre recombinase under the R26 promoter. Gpr81 deficiency was confirmed by RT-PCR analyses, designed to amplify fragments within the deleted DNA sequence, using liver-derived RNA from WT, heterozygous, and homozygous Gpr81-KO mice. Total RNA was extracted with TRIZol Reagent (Invitrogen) according to the manufacturer's protocol. Reverse transcription was performed with SuperScript First-Strand (Invitrogen) followed by PCR to confirm the targeting strategy: forward, 5′-CATCTTGTTCTGCTCG-GTCA-3′ and reverse, 5′-TGGTGTAGAATTTGGGGAGC-3′. No expression of Gpr81 was observed in the homozygous Gpr81-KO mice. The Gpr81-KO mice were healthy and appeared normal, displaying no obvious adverse phenotype during the SHIRPA observations at 4 to 8 weeks of age.
GPR81 expression in adipose tissue from ob/ob and lean controls. Gonadal white adipose tissue was collected from euthanized 10-week-old lean and obese mice (B6.V-Lep ob /OlaHsd, Harlan Laboratories) and directly frozen in liquid nitrogen, then stored at -80°C until analysis. RNA was prepared using the Qiagen RNAeasy kit and cDNA synthesized using the High Capacity cDNA Reverse Transcription Kit (Invitrogen). Differences in gene expression (relative to 36B4) were determined by quantitative RT-PCR: reverse primer, TCGAAATTGGCATCTCTTCTGA; forward primer, CAGCCTGAAGCCCAAACG; and probe (5′FAM-3′TAMRA), CCAGGACGCACGAAGACGCG.
DIO mouse study. Ten-week-old male mice (C57/BL6N, Janvier Labs) were placed on a high-fat diet (D12492, 60% fat, Research Diets). After 15 weeks the mice were put on a reverse-phase 12-hour light/dark cycle (lights off 9:30 am) and 2 weeks later were sham gavaged, once daily, for 1 week. Then mice were gavaged (5 ml/ kg) with either vehicle (0.5% HPMC) or AZ1 20 μmol/kg/day q.d. at 8 am, for 28 days. Following 3 weeks of treatment, an oral glucose tolerance test (1 g/kg) was performed in the 4-hour fasted state. Blood samples were collected from the tail vein for plasma glucose (glucose reagent TR15498, Thermoelectron Infinity) and insulin (Insulin, mouse, Ultrasensitive ELISA, Alpco Immunoassays) analysis at 0, 15, 30, 60, and 120 minutes after the glucose load. On the final study day, mice were fasted for 4 hours before a terminal blood sample was collected in EDTA tubes (Mini collect K3EDTA, Sarstedt) following cervical dislocation in carbon dioxide-anesthetized mice for analysis of metabolic biomarkers and substance levels. Plasma was stored at -20°C until analysis.
FFA suppression and cardiovascular responses in anesthetized rats. Male Wistar rats (Harlan), 250-350 g, were fasted overnight and then anesthetized with thiobutabarbital 135 mg/kg, i.p. (Inactin, Research Biochemicals International). Tracheotomy (PE240) was performed and catheters (PE50) were inserted into the carotid artery for blood sampling, as well as MAP and HR measurements and the jugular vein for infusion of GPR81 agonist or vehicle. Saline/Na-citrate (0.02 M) was infused (6 μl/min) into the arterial catheter to locally prevent clotting. Body temperature was measured with a rectal probe and kept at 37.5°C via feedback control of a heating lamp. After preparation, the animals were left to stabilize for 2 hours. To obtain in vivo FFA-lowering potency the following protocol was used. After a 15-minute baseline period, 4 graded escalating infusion rates (1×, 3×, 10×, and 30×) of test substance (or an equivalent volume of vehicle) were applied sequentially for 30 minutes per step. Arterial blood samples were collected during the baseline period and the end of each dose period for measurement of plasma FFA and test-substance concentrations. Based on the concentration-response and dose-response data generated, FFA-lowering potencies in terms of estimated unbound test substance concentration (EC 50 ) and dose (ED 50 ) were estimated. To obtain information about effects on cardiovascular control a separate protocol was used. After a 15-minute baseline period, test substance or vehicle was infused i.v. at a single fixed infusion rate (~4 × ED 50 ) that was relevant but not excessive for FFA suppression. MAP and HR were monitored during baseline and the 15-minute test substance/vehicle infusion period during which blood samples were restricted to 2 occasions. After the blood pressure recording period, the test substance/vehicle infusion was stopped and blood samples were collected periodically for FFA analysis and test substance concentrations.
Involvement of ET and adrenergic systems in the AZ2-induced pressor and renal vascular resistance effects. Bosentan, a nonselective ET receptor antagonist, was given i.v. 20 minutes before AZ2 infusion start at a dose of 15 mg/kg, based on the reported ability to markedly suppress the pressor effect of exogenously administered ET-1 (63) . Phentolamine, the nonselective α-AR antagonist, was administered i.v. in several short infusions over a 20-minute period (total dose 10 mg/kg), with the final partial dose given 10 minutes prior to AZ2 infusion start. α-AR blockade was verified by confirming abolition of acute pressor response to phenylephrine (7 μg/kg i.v.), an α-AR agonist.
Mouse blood pressure measurements. HD-X11 (Data Sciences International) devices for telemetry recording of blood pressure were implanted in WT and GPR81-KO mice weighing more than 25 g (3-6 months of age). The catheter for blood pressure sensing was placed in the left carotid artery and the transmitter was placed on the right flank. During the first postoperative days, the mice received ketoprofen (Comforion Vet, Orion Pharma Animal Health) 3 mg/kg, b.i.d. in jelly (Jelly Crystals, Jotis, raspberry flavor). Animals recovered, regaining their preoperative body weights for at least 2 weeks before the treatment study was initiated. Baseline recordings were made over 2 days followed by 4 days with oral administration of vehicle or AZ2 (50 μmol/kg/day). Animals were dosed between 10:00 and 10:30 each day, during which the cages were temporarily out of receiver range with signal loss. Average MAP every hour during the 4 dosing days was compared with mean MAP recorded for baseline day 1 and 2 for the same time point. Data are presented as mean change from baseline over 24 hours.
Systemic cardiovascular and regional blood flow responses in the anesthetized, ventilated dog Preparation. Male (n = 4) and female (n = 4) beagle dogs (Rååhöjden), 11.2-17.5 kg, were cannulated with a percutaneous polyethylene catheter (Venflon 1.0 mm, Becton Dickinson) into a cephalic vein for administration of anesthetics, sodium bicarbonate, and Ringer's solution. Anesthesia was induced with an i.v. infusion of propofol (Lipuro, B. Braun Melsungen AG), 6-8 mg/kg with top-up dosing of 2-3 mg/kg if needed. α-Chloralose [α-D(+)-gluco-chloralose, Merck] was then given as an i.v. bolus injection (100 mg/ kg) followed by a continuous infusion (25-50 mg/kg/h). The dogs were intubated and ventilated (Servo Ventilator 900C, Siemens Elema) with room air. The respiratory rate was held constant at 15 cycles/min. During the preparation period the anesthesia was supplemented with a propofol infusion of 4-6 mg/kg/h. Blood gases and pH were adjusted to physiological levels by regulating the tidal volume and infusion of sodium bicarbonate (600 mM). Ringer's solution was infused continuously, 10 ml/kg/h, to replace fluid loss. Body temperature was maintained between 35.0°C and 38.0°C throughout the experiment by external heating and use of blankets. A polyethylene catheter (Intramedic PE-90 Clay Adams, Becton Dickinson) was inserted via a branch into the right saphenous vein to be used for administration of AZ2 or vehicle.
Instrumentation for hemodynamic measurements. A polyethylene catheter (Intramedic PE-200 Clay Adams, Becton Dickinson, Sparks, MD, USA) was inserted into the right saphenous artery for blood sampling for analysis of blood gases, pH, and plasma AZ2. The right external jugular vein was exposed and a catheter (Intramedic PE-200 Clay Adams) advanced to the right atrium for measurements of CVP (Transducer PVB). A thermistor (AstraZeneca R&D) for body temperature measurement was positioned in the same jugular vein. A dual-sensor pressure transducer (Millar Micro-Tip SPC-771, Millar Instruments) was inserted via the right carotid artery, with the proximal transducer placed in the ascending aorta (for measurement of MAP) and the distal one in the left ventricle. The left femoral artery was exposed and femoral artery blood flow was measured with a 3.0-mm ultrasonic transit-time volume flow sensor (T403 Transonic System Inc.). Thoracotomy was performed via the left fifth intracostal space and the pericardium was opened. CO and stroke volume were measured with a 14-mm ultrasonic flow sensor (T403) placed on the ascending aorta. The left descending coronary artery blood flow was measured with a 1.5-mm ultrasonic flow sensor (T403) placed on the proximal part of the left descending coronary artery. Laparotomy was performed via a midline incision and a 2.5-mm ultrasonic flow sensor (T403) was placed on the left renal artery for measurement of RAF. Urine was drained continuously by gravity using a caterer in the urinary bladder (Intramedic PE-200 Clay Adams). Vascular resistances were computed on line, continuously from the measurement of instantaneous regional blood flow and MAP. Absolute values are expressed in SI units.
Protocol. A stabilization period of approximately 3 hours elapsed between completion of the surgical preparation and commencement of the vehicle/AZ2 infusion. The AZ2 group was infused with vehicle (5% cyclodextrin plus 4% mannitol) via the cephalic vein and then 5 consecutive escalating doses of AZ2: 5.5, 16.5, 55, 165, and 550 nmol/kg/min, with each dose level including vehicle applied for 15 minutes. The volume infusion rate was held constant at 32 μl/kg/min. The control group was infused with an equivalent volume of vehicle. At the end of the highest dose, interval substance/vehicle infusion was terminated and the final period of the experiment was a washout period of 30 minutes. Blood samples were collected in conjunction with the end of each dose period and during the washout period for both substance and control group. Dogs were euthanized at experiment termination using an overdose of approximately 3 g Na-pentabarbitone (Allfatal Vet, Omnidea AB).
Renal blood flow in anesthetized rats. Adult male Wistar rats were anesthetized and prepared with tracheal, jugular, and carotid catheters as described for the in vivo lipolysis studies (above). Laparotomy was then performed to expose the left renal artery and a 1.5-mm flow sensor (Transonic System Inc.) was attached to the artery. A transmission gel (Aquasonic, Parker Laboratories Inc.) was applied around the probe and the abdomen was closed. Animals were left to recover for 60 minutes. Following a 10-minute baseline pretreatment period, AZ2 (1 μmol/kg/min) or vehicle (5% mannitol, pH ~4.6) was infused for 15 minutes at a rate of 50 μl/kg/min. MAP, HR, and renal blood flow were continuously recorded. Then, an arterial blood sample (0.5 ml) was collected for the measurement of plasma renin (SEA889Ra, Cloud-Clone).
Cardiovascular measurements. A custom computer program, Pharmlab 6.0 (AstraZeneca R&D), was used for recording of blood pressure and blood flow and calculating MAP, HR, and vascular resistances in all studies where these variables were monitored.
In situ detection of Gpr81 mRNA in mouse and dog kidney. Tissue from dog kidney cortex, as well as GPR81-WT and -KO mice, was prepared for ISH, according to Wang et al. (64) . Briefly, fresh tissue was cut into 3-to 4-mm pieces and fixed in 4% neutral buffered formaldehyde solution for 32 hours at room temperature. Then, samples were dehydrated using a standard ethanol series followed by xylene and embedded in paraffin. Tissue sections were cut at 4-μm thickness and mounted on Superfrost Plus slides (Thermo Fisher Scientific), then baked dry for 1 hour at 60°C. The sections were then deparaffinized using xylene and ethanol and air dried. Customized probes were obtained from Advanced Cell Diagnostics for the detection of Gpr81 mRNA.
For the dog sections, the in situ mRNA amplification and labeling process was performed on the Discovery XT Automated IHC/ISH platform (Ventana Medical Systems Inc.) using the RNAscope VS Assay ISH method (Advanced Cell Diagnostics). The protocol includes several steps of signal amplification, followed by hybridization to HRP-labeled probes and detection using a chromogenic substrate DAB (brown stain).
For the mouse sections, the in situ mRNA amplification and labelling process was performed on the Bond RX, an Automated ISH platform (Leica Biosystems) using the RNAscope 2.5 LS Assay (Advanced Cell Diagnostics). The signal was amplified using multiple steps, followed by labeled probes and detected using the Bond Polymer Refine detection kit (red stain).
Stained slides were analyzed and photographed under a standard bright-field microscope. Plasma analysis. Insulin levels were determined using a radioimmune assay (RI-13K, Millipore Corporation) performed on a 1470 Automatic Gamma Counter (PerkinElmer). Enzymatic colorimetric methods were used for analysis of glucose (Glucose HK CP, A11A01667, Horiba ABX), fructosamine (FR3133 Randox Laboratories Ltd), and FFAs (NEFA-HR(2), WaKO Chemicals GmbH). These enzymatic assays were performed on an ABX Pentra 400 (Horiba ABX). Substance levels were measured on a short reversedphase HPLC column with rapid gradient elution and MSMS detection using a triple quadrupole instrument with electrospray ionization and Selected Reaction Monitoring acquisition.
Statistics. Studies involving only 2 groups were analyzed using Student's t tests. For comparisons between multiple categorical group data, 1-way ANOVA was followed up with post-hoc comparisons between pairs of groups made using Bonferroni or Holm-Sidak correction for multiple comparisons. Analysis of parameters measured over time was performed using 2-way repeated-measures ANOVA followed by testing of differences between individual time points using Bonferroni correction for multiple comparisons. In the dog study, continuously measured cardiovascular variables were represented by averages for each of the defined time periods: baseline, doses 1-5, and washout (divided into 2 intervals). For the dosing and washout periods the averaging was performed over the last 5 minutes of each interval when AZ2 plasma concentrations (during dosing) would be approaching steady state and corresponding to the timing of blood samples for plasma test substance concentrations. Profiles in the AZ2 and control animals were compared using the treatment × time interaction from the split-plot ANOVA as previously described (65) . This interaction tests the null hypothesis that the time profiles are parallel in the treatment and control groups. Statistical analyses were performed using Prism (GraphPad Software Inc.). P less than 0.05 between the groups was considered to be a statistically significant difference.
Study approval. Experimental procedures were approved by the Local Ethics Review Committee on Animal Experiments (Gothenburg Region, Sweden). Use of adipose tissue from patients for lipolysis assays was approved by the Gothenburg Ethics board (Dnr: 482-07) and by written consent from the patients.
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